Abstract
Introduction
Beta-eucryptite (LiAlSiO 4 ) is known as a stuffed derivative of the quartz structure [1] . There are four distinct tetrahedral sites in the structure: T 1 -T 4 . The structure consists of alternating layers of T 1 and T 2 , and T 3 and T 4 tetrahedra. In the ordered form, Si occupies T 1 and T 2 sites, and Al occupies T 3 and T 4 sites (figure 1). Thus, half of the silicon atoms are replaced by aluminium, with silicon and aluminium tetrahedra stacked alternately along the c-axis. Charge is balanced by the incorporation of lithium ions in the channels of the structure, which run parallel to the c-axis. The unit cell contains one primary and three secondary channels. In each unit cell there are six possible sites for the lithium ions, fourfold coordinated by oxygen, only three of which are occupied on average in the ideal structure.
Beta-eucryptite has been a subject of continuing interest because of its one-dimensional superionic conductivity, due to lithium ion transport in the structural channels [2] . It also exhibits near-zero overall thermal expansion [3] [4] [5] . The symmetry and extinction of the main reflections in single crystal x-ray diffraction patterns indicates that at ambient temperatures beta-eucryptite has the high-quartz space group P6 4 22 or P6 2 22, although the unit cell is doubled (2 × 2 × 2) [6, 7] .
The crystal structure of beta-eucryptite has been studied by Pillar and Peacor as a function of temperature [8] , using a single-crystal diffractometer at six temperatures, in the temperature range from 296 to 920 K. It was suggested that there is a second-order phase transition in beta-eucryptite at 733 K, and that Li order-disorder is the primary driving factor for the transition. Above this temperature the superstructure reflections, arising in part from distortions of the quartz-structure-type framework, decrease in intensity and become unobservable. Press et al (1980) studied beta-eucryptite by slow neutron single-crystal diffraction from 293 to 823 K [9] . In the temperature range from 703 to 763 K, Press et al found an incommensurate structure which coexists with the low-temperature superstructure between 703 and 755.5 K. The phase transition at 763 K not only involves an ordering of lithium along chains, but also is accompanied by a distortion of the Al/Si framework. Thus it partly has the character of a displacive transition, while the lithium ordering rather has the character of an orderdisorder transition of Li ion positions. In 1981, Nara et al [10] proposed a theory for the commensurate-incommensurate phase transition, based on neutron scattering data. Nara also suggested that the transition at 755.5 K only shows a small discontinuity and thus is close to second order. In 1999, Xu et al [7] reported on the study of Press [9] : in addition to the phase transitions described before, one more transition at 723 K was proposed. Xu et al argued that all the phase transitions in beta-eucryptite are due to the positional disordering of the lithium ions along the structural channels, without distortion in the Si/Al framework. In addition, Xu et al [11] investigated thermal expansion in ordered and disordered β-eucryptite by combined synchrotron x-ray and neutron Rietveld analysis. The near-zero thermal expansion was attributed to three processes: Al/Si tetrahedral deformation, Li positional disordering and tetrahedral tilting. Different degrees of Li positional disorder was found in both ordered and disordered samples, and modelling the Li ion motion in the channels has proved to be very difficult. Many authors agree that a thermal ellipsoid about the average site does not describe the Li ion dynamic disorder correctly [7, 12] . Most recently, in an infrared study, Zhang et al [13] proposed that there are two phase transitions around 715 and 780 K in beta-eucryptite. The first phase transition was attributed to the Li + disorder. The aim of the present work was to study Li ion mobility and the structure of betaeucryptite by high-resolution neutron diffraction, hence data were obtained from 573 up to 873 K. Since the reported temperatures for the phase transitions were not consistent, we were also interested in obtaining information about the temperatures and thermodynamic character of the phase transitions.
Experimental details

Sample synthesis
Beta-eucryptite was synthesized from Li 2 CO 3 (Aldrich 99.999%), Al 2 O 3 (Aldrich 99.99%) and SiO 2 ·H 2 O (Aldrich 99.99%) powders in the molar ratio 1:1:2. The mixture was sintered at 1373 K for 15 h and, after grinding, resintered at 1573 K for 24 h and at 1373 K for another 24 h. X-ray powder diffraction analysis showed that the final material consisted of pure beta-eucryptite.
Neutron data collection and Rietveld refinement
Neutron diffraction experiments were performed at the D2B powder diffractometer at the ILL, Grenoble. We collected data at 573, 623, 663, 683, 703, 733, 743, 753, 763, 773, 793, 823 and 873 K. The wavelength used was 1.549 Å. Data were collected from 5
• to 165
• 2θ . The sample was sealed in a 16 mm diameter vanadium can. The sample temperature was determined using two thermocouples, positioned on either side of the sample. The structure was refined by the Rietveld method using the general structure analysis system (GSAS) program of Larson and Von Dreele [14] . The starting model for the refinement was modified from the model of Xu et al [11] . All the Li coordinates were moved slightly from the ideal starting points. This resulted in quartets and pairs of each atom around the idealized site, allowing us to model positional disorder of the Li ions. The occupancies were constrained in order to obtain the stoichiometric amount of Li in the structure. This ensured that we can obtain an idea of relative magnitudes of Li disorder in both the z-direction and in the x y-plane. The temperature factors for Li atoms became very small compared to the starting model, as most of the disorder of atoms was represented by the changes in fractional coordinates of split sites. As for the Si/Al framework, to ensure the right composition several constraints were used. The refinement constrained the occupancy ratio Si 1 + Al 1 = Si 2 + Al 2 = Al 1 + Si 1 = Al 2 + Si 2 = 1, and for the fractional coordinates
. Temperature factors for tetrahedral sites were constrained to be the same.
Our refinement proceeded as follows. Initially we refined the background function with nine variables, and specimen displacement, histogram scale and lattice parameters were optimized. Then profile coefficients were refined. On convergence of these parameters, atomic positions and temperature factors for Si, Al and O were refined. Split-Li positional coordinates were refined last. All parameters were refined to convergence (figure 2). Table 1 presents refined fractional coordinates and temperature factors at 573 K. We then used the refined structural parameters at each temperature as the starting model for the next temperature and continued this procedure systematically with changing temperature. The refined unit cell parameters are listed in table 2, together with R wp and R p factors.
Results and discussion
In our refined structure a number of structural parameters show anomalies at two temperatures: 695 and 758 K. We interpret these anomalies as two phase transitions, one being associated (18) primarily with Li ion ordering [15] in the structural channels, while the second is a displacive framework transition accompanied by doubling of the a cell parameter.
Framework distortion and transition at 758 K
The refinement with the idealized Si/Al framework (for example the idealized model from [7] ) fitted poorly with R wp of 10.24%. As a comparison refinement of our data in the hightemperature space group [16] yields a R wp factor of 11.5%. The best fit was obtained from 50/50 complete disorder in the Si/Al framework, which corresponds to the disorder frozen in from our conditions of synthesis. The analyses of the neutron data show a large distortion of T 1 -T 4 tetrahedra compared to [16] . The disordered model is consistent with the calculated T 1−4 -O bond lengths which are intermediate between ideal Si-O and Al-O bond lengths. [17] . Our T-O bond distance for T 1,2 tetrahedra is longer than that calculated from ionic radii and the value extrapolated by Xu et al [11] , which was 1.63 Å. The T-O bond length for T 3,4 tetrahedra of 1.705 Å is lower than expected. Since we have assumed the framework disorder in the structure, this accounts for the difference in T-O for nominally 'Si' and 'Al' tetrahedra. In fact, our average T-O distance is in good agreement with the fully disordered eucryptite structure studied in [11] . The remaining difference may be caused by different cation coordination of the oxygen atoms and Li ordering in our structure. In beta-eucryptite the oxygen atoms are coordinated by one Si, one Al and one Li. tetrahedra at 573 K (table 3) ,which is in good agreement with [11] . The mean O-T 1,2 -O bond angles show an increase with temperature. However, the individual bond angles show a large spread (table 3) . The Li ions cause nearby O-O distances for Si/Al tetrahedra to shorten, with a corresponding large spread of the tetrahedral angles [18] . In an ideal structure, all lithium coordination tetrahedra are in contact with T 1 , T 2 and T 3 tetrahedra [11, 16] . Li coordination tetrahedra are not found adjacent to T 4 sites. In our structure disorder over all T sites changes the sizes of Li coordination tetrahedra. Consequently, the Li 2 ion, which is adjacent to the T 1 site, disorders over the originally vacant sites adjacent to the T 4 tetrahedron. This causes an increase in standard deviation of O-T 1 -O and O-T 4 -O (table 3) . Furthermore, both of these standard deviations and hence angle variations rapidly increase with temperature. The angles around T 2 and T 3 , in comparison to the angles around T 4 , have smaller standard deviations and both ranges decrease with temperature. Figure 4 shows the change in average T-O bond length versus temperature. The average T 4 -O bond undergoes a change from 1.71 Å at 623 K to 1.68 Å at 743 K and changes slightly up to 873 K. The biggest change in T-O bond lengths happens before the phase transition at 758 K on heating. After the phase transition there is almost no change in bond lengths. The estimated temperature for this anomaly is 758 ± 5K. This T c value is in good agreement with values from [9] and is in general agreement with the previously published transition temperatures ranging from 673 to 755 K [8, 19, 11] . Press et al [9] showed that there are two phase transitions around this temperature, at 755.5±5 and 763±5 K. The transition at 755.5 K is associated with condensation at the M-point of the Brillouin zone and causes a doubling of the cell in a. The second one, at 763 K, is the point of formation of the incommensurate phase, with Li modulated ordering in the structure. Our data show one transition at 758 ± 5 K, which is in between these two temperatures. It is possible that we are observing processes connected to both the appearance of the modulated phase and doubling of the cell along the a-axis happening at the same point. To confirm this we have tried to observe a change in the intensities of peaks (hkl) with h = odd and which have larger contributions of lithium and oxygen atoms to their structure factors. We were able to observe the disappearance of peaks such as (301) or (506) around 758 K, which is associated with the doubling of the cell parameter in a ( figure 5) . Furthermore, the changes in mean T-O bond lengths and mean O-T-O bond angles suggest that the transition has a displacive character. The temperature resolution of our data does not allow us to determine the exact temperature for both of the processes, so further quantitative calculations would be speculative.
Li mobility and transition at 698 K
A single unit cell contains one primary channel and three secondary channels running parallel to [001] . In an idealized structure, i.e. without distortion in the Si/Al framework, the primary channel is small and the secondary channels are larger. Li 1 atoms are situated in the primary channel and are adjacent to T 3 (nominal 'Al') tetrahedra. Li 2 and Li 3 are both in the secondary channels and in the ideal model they occupy places within T 1,2 (nominal 'Si') layers.
Li occupies sites in the channels which are fourfold coordinated by oxygens. The ordered structure of Tscherry et al [16] requires that only half of the available Li sites be occupied. Occupied and vacant sites alternate along each framework channel parallel to the c-axis. However, Xu et al [11] showed that 20% of Li 1 atoms at room temperature are in the vacant sites and 80% are in ideal sites. Similarly for the secondary channel they found the ratio 95%:5%. Knowing that disorder occurs with increasing temperature, with Li atoms in channels diffusing to the alternate sites, we explored the influence of Li positional disorder in the refinement. However, this did not improve the fit significantly (R wp = 11.33%) and the schemes we attempted proved to be unstable. Refinement for all data sets was completed using only the occupied Li sites. Instead we used a split Li model, which showed that only Li 2 ions diffuse into the vacant site, but Li 1 and Li 3 ions remain close to their ideal sites ( figure 3 ). This explains why the model of Xu et al [11] did not fit our dataset successfully.
As we used the split-atom model to fit the disorder of Li ions, we have four partial bonds in each LiO 4 tetrahedron, with four distances between O and Li quartets and pairs ( figure 3) .
The mean Li 1 -O 1 distance of 1.907 Å (table 4) is the shortest distance of all the mean values found in Li coordination tetrahedra. It is shorter than the corresponding value of 1.99 Å from [16] . The shared edge with the T 3 tetrahedra, for example, O 1 -O 1 is equal to 2.462 Å ( figure 3) . This is the shortest edge for both T 3 (nominally 'Al 1 ') and Li 1 coordination tetrahedra. The longest intertetrahedral 3 O 1 -O 1 distance for Li 1 coordination tetrahedra is 3.55 Å ( figure 3) . The large difference between these two distances show the deviation of Li coordination tetrahedra from a regular tetrahedron. The difference between Li 1 -O 1 and Li 1 -O 1 decreases with temperature; their ratio changes from 0.88 at 573 K to almost 1 at 873 K.
Both the Li 2 -O 3 and Li 2 -O 4 distances, 2.183 and 2.055 Å, are larger than the expected 1.98 Å [16] . The intratetrahedral distance O 3 -O 3 is only 2.427 Å, which is a short distance for adjacent T 1 (nominally 'Si 1 ') tetrahedra. For comparison Tscherry et al quote 2.48 Å for the corresponding bond as being very short [16] . The largest O 3 -O 3 intertetrahedral distance for Li 2 coordination tetrahedra is 3.513 Å, which is the shortest intertetrahedral O-O distance ( figure 3) .
The ratio D between largest and smallest O-O distances in all three tetrahedra is 1.44 for the Li 1 tetrahedron, 1.49 for the Li 2 tetrahedron and 1.44 for the Li 3 tetrahedron. The large difference for the Li 2 tetrahedron reflects the distortion of the site and explains why Li 2 ions are disordered over the two neighbouring tetrahedra (for which D = 1.39)-due to repulsion between O and Li ions (figure 3).
Since we used the split-atom model to describe the behaviour of Li atoms, we can use the magnitudes of the splitting to describe the transition. Press et al [9] showed that this is a transition between commensurate and incommensurate structures, with Li modulation in the 
where a is a cell parameter; x, y and z are deviations from high symmetry sites. This is true because the deviation in the x y-plane is equal to
The deviations of all Li atoms in the x y-plane and in the z-direction change around 698 K (figure 6). For Li 1 it climbs from 0.04 at 573 K to 0.42 at 698 K and then slowly increases up to 0.53 at 873 K. In contrast, for Li 2 and Li 3 , the deviation decreases from 573 up to 698 K. We see a big change from 0.35 to 0.22 for Li 3 After the refinement, we used the GSAS internal program VRSTPLOT [14] to generate VRML files, which give the difference Fourier maps for Li ion motion at different temperatures. Figure 8 represents stereo-pairs of one unit cell of beta-eucryptite. The primary channels with Li 1 are at the corners of the unit cell. As one can see, the Li motion happens along the channels. Even at the highest temperatures, there is almost no cross-channel diffusion.
Conclusions
We have shown that some of the Li atoms are disordered over the ideal sites, as well as the vacant sites, compared to the ideal eucryptite structure. This was achieved by using a Li split-atom model to fit our data. For some structures there is no difference between fitting the model with split-atoms or a model with anisotropic temperature factors [20] . In the case of beta-eucryptite, fitting Li with anisotropic temperature factors proved to be very unstable, which was consistent with [12, 7] . The split Li atom model proved to give a better picture of the Li motion in the channels, allowing us to identify the disorder in L 2 over three adjacent tetrahedra and the motion of Li atoms in the x y-plane and the z-direction. Ultimately, the difference Fourier maps provide the best indication of Li ion disorder within the structure.
On cooling, beta-eucryptite undergoes a zone boundary transition at the M-point at 698 K. This is due to Li order-disorder in the structural channels with the appearance of the (This figure is in colour only in the electronic version) commensurate structure. Although the cell parameters do not show changes at this temperature, parameters such as bond lengths and bond angles change dramatically. The deviation of the Li quartets and pairs from their ideal sites is affected by this transition significantly. The increase in lithium motion in the channels can be seen from the Fourier maps. There is no cross-motion between the channels up to 875 K (figure 8), and the material acts as a one-dimensional superionic conductor.
The Si/Al framework undergoes a displacive phase transition at the M-point at 758 K, on cooling, which is accompanied by the ordering of Li atoms and formation of the incommensurate structure. Above this transition point Li atoms disorder and channels become equivalent. These changes result in a halving of the a cell parameter. The bond lengths, bond angles and corresponding O-O bond lengths show interlinked changes at this phase transition. The large range of the previous reported T c values is most likely due not only to different synthesis conditions of the samples but also probably to variations in the resolution of the analytical techniques used.
